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Summary 14 
Differences in predictions of Glacial Isostatic Adjustment (GIA) for Antarctica persist 15 
due to uncertainties in deglacial history and Earth rheology. The Earth models adopted in 16 
many GIA studies are defined by parameters that vary in the radial direction only and 17 
represent a global average Earth structure (referred to as 1D Earth models). Over-simplifying 18 
actual Earth structure leads to bias in model predictions in regions where Earth parameters 19 
differ significantly from the global average, such as West Antarctica. We investigate the 20 
impact of lateral variations in lithospheric thickness on GIA in Antarctica by carrying out two 21 
experiments that use different rheological approaches to define 3D Earth models that include 22 
spatial variations in lithospheric thickness. The first experiment defines an elastic lithosphere 23 
with spatial variations in thickness inferred from seismic studies. We compare the results 24 
from this 3D model with results derived from a 1D Earth model that has a uniform 25 
lithospheric thickness defined as the average of the 3D lithospheric thickness. Irrespective of 26 
deglacial history and sub-lithospheric mantle viscosity, we find higher gradients of present-27 
day uplift rates (i.e. higher amplitude and shorter wavelength) in West Antarctica when using 28 
the 3D models, due to the thinner-than-1D-average lithosphere prevalent in this region. The 29 
second experiment uses seismically-inferred temperature as input to a power-law rheology 30 
thereby allowing the lithosphere to have a viscosity structure. Modelling the lithosphere with 31 
a power-law rheology results in behaviour that is equivalent to a thinner-lithosphere model, 32 
and it leads to higher amplitude and shorter wavelength deformation compared with the first 33 
experiment. We conclude that neglecting spatial variations in lithospheric thickness in GIA 34 
models will result in predictions of peak uplift and subsidence that are biased low in West 35 
Antarctica. This has important implications for ice-sheet modelling studies as the steeper 36 
gradients of uplift predicted from the more realistic 3D model may promote stability in 37 
marine-grounded regions of West Antarctica. Including lateral variations in lithospheric 38 
thickness, at least to the level of considering West and East Antarctica separately, is 39 
important for capturing short wavelength deformation and it has the potential to provide a 40 
better fit to GPS observations as well as an improved GIA correction for GRACE data.   41 
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1. Introduction 47 
The process of Glacial Isostatic Adjustment (GIA) in Antarctica is well-studied (e.g. 48 
Whitehouse et al., 2012b, A et al., 2013, Argus et al., 2014) but GIA models continue to 49 
predict remarkably different present-day deformation rates (Martín-Español et al., 2016) due 50 
to large uncertainties that persist in both the ice-sheet history since the Last Glacial 51 
Maximum (LGM) and the Earth structure in this region. This has a direct impact on estimates 52 
of ice-mass loss derived from satellite gravimetry (e.g. the Gravity Recovery and Climate 53 
Experiment, GRACE) since Antarctic GIA is a significant component of the total 54 
gravitational signal and must be removed to yield estimates for ice-mass balance (King et al., 55 
2012).  56 
Traditionally, global and Antarctic-wide models of GIA have used a 1D approximation of 57 
Earth structure consisting of an elastic lithosphere underlain by a linear viscoelastic upper 58 
and lower mantle, where properties vary only radially (e.g. Peltier, 1974, Milne and 59 
Mitrovica, 1996, Kendall et al., 2005). In reality the structure of the Earth is far more 60 
complex and models that reflect lateral as well as vertical variations in Earth properties are 61 
needed to provide more accurate predictions of present-day GIA-related deformation and 62 
geoid changes, both in Antarctica (A et al., 2013, van der Wal et al., 2015, Sasgen et al., 63 
2017) and elsewhere, for example Greenland (Khan et al., 2016). Including 3D structure in 64 
GIA models is particularly pertinent for Antarctica as this continent is considered to consist 65 
of two distinct regions in terms of Earth structure: a thick cratonic lithosphere and high-66 
viscosity uppermost mantle in the East, and thinner lithosphere and lower-viscosity 67 
uppermost mantle in the West (Morelli and Danesi, 2004). Modelling East and West 68 
Antarctica with a 1D Earth model as described above therefore has the potential to produce 69 
incorrect estimates of the present-day GIA signal in one or both of these regions. For 70 
example, A et al. (2013) compared deformation rates predicted by a 3D model incorporating 71 
laterally varying lithospheric thickness and mantle viscosity with a model that is the 1D 72 
average of the 3D profile and found mismatches at GPS locations in Antarctica. Furthermore, 73 
capturing variability in Earth structure within West Antarctica is important because regional 74 
one-dimensional GIA studies have indicated differences in Earth structure across the region 75 
(Nield et al., 2014, Wolstencroft et al., 2015, Nield et al., 2016, Zhao et al., 2017). 76 
This study focusses on how lateral variations in lithospheric thickness impact predictions 77 
made by GIA models. The lithospheric thickness can be defined by various criteria, such as a 78 
change in the method of heat transfer (Martinec and Wolf, 2005), seismic anisotropy, or 79 
resistivity (Eaton et al., 2009). In GIA modelling, the lithosphere is defined on the basis of 80 
mechanical properties and is considered to be the part of the crust and upper mantle that 81 
behaves elastically on timescales of glacial cycles (tens of thousands of years) (Martinec and 82 
Wolf, 2005, Watts et al., 2013, Kuchar and Milne, 2015). The lithosphere can be modelled 83 
with either a purely elastic rheology, i.e. has no viscous component (e.g. Argus et al., 2014), 84 
or as a viscoelastic material with sufficiently high viscosity that it does not relax in response 85 
to surface loading on timescales of a glacial cycle (e.g. Kendall et al., 2005, Whitehouse et 86 
al., 2012b, Kuchar and Milne, 2015), thereby behaving elastically. Studies have also 87 
combined these approaches, for example Kaufmann et al. (2005) modelled a 100 km thick 88 
lithosphere composed of a 30 km purely elastic layer overlying a 70 km viscoelastic layer 89 
with a viscosity of 1×1024 Pa s, which is approximately the limit of what could be considered 90 
elastic over GIA timescales (e.g. 1×1022 Pa s (Sasgen et al., 2017) - 1×1024 Pa s (Khan et al., 91 
2016)). Kuchar and Milne (2015) investigated the effect of depth-dependent viscosity in the 92 
lithosphere on relative sea-level predictions using a radially-varying (i.e. one-dimensional) 93 
Earth model and found that predictions made using a lithosphere with viscosity structure 94 
were similar to predictions made using a purely elastic, but much thinner, lithosphere.  95 
To some extent, the apparent thickness of the lithosphere depends on the timescales of 96 
surface loading. Over long timescales (~1 Myr), viscous relaxation in the lower lithosphere 97 
means that the lithosphere seems to behave as a relatively thin elastic layer (Watts et al., 98 
2013). However, over GIA timescales (~100 kyr), the lithosphere seems to behave as a 99 
thicker elastic layer (Martinec and Wolf, 2005, Nield et al., 2014, Wolstencroft et al., 2014). 100 
On the basis of wave speed variations, seismic studies can distinguish between thermal 101 
conduction and convection regimes in the upper mantle. The conductive domain defines the 102 
tectonic plate. However, the elastic thickness varies as a function of timescale of surface 103 
loading and is typically thinner than the seismic lithospheric thickness.  104 
The studies and methods described above have used linear viscoelastic rheology to model 105 
GIA. However, the use of power-law rheology is becoming increasingly common (Wu, 1999, 106 
Barnhoorn et al., 2011, van der Wal et al., 2013, van der Wal et al., 2015). van der Wal et al. 107 
(2015) used seismic velocity anomalies (Grand, 2002) and geothermal heat flux estimates 108 
(Shapiro and Ritzwoller, 2004) for Antarctica to infer mantle temperatures which were used 109 
to derive creep parameters for input to a power-law rheology. By defining spatially varying 110 
creep parameters, the GIA model included laterally varying Earth structure. For this approach 111 
the lithospheric thickness is implicitly defined by the creep parameters, rheological model, 112 
and some threshold viscosity above which it can be considered to behave elastically as 113 
described above. 114 
Modelling advances in the past few decades (Wu and Johnston, 1998, Latychev et al., 115 
2005b, A et al., 2013, van der Wal et al., 2013) have eased the computational burden of 3D 116 
GIA modelling and detailed datasets are now available that can be used to define lateral Earth 117 
structure (Ritsema et al., 2011, Heeszel et al., 2016), hence there are an increased number of 118 
studies incorporating 3D Earth structure into GIA models with both linear and non-linear 119 
rheologies. Several approaches can be used to infer 3D mantle viscosity (Ivins and Sammis, 120 
1995, Kaufmann et al., 2005) and lithospheric thickness for input to GIA models, with the 121 
latter being the focus of this study.  A seismically-derived lithosphere-asthenosphere 122 
boundary depth is sometimes used to infer laterally varying GIA lithospheric thickness with 123 
linear viscoelastic rheology, after scaling to account for differences between a seismically-124 
derived definition of the lithosphere and the mechanical definition used in GIA studies. For 125 
example, Kaufmann et al. (2000) reduced a seismically-derived lithosphere-asthenosphere 126 
boundary depth by a factor of two for their GIA modelling, and Khan et al. (2016) used an 127 
adjustment factor to scale the lithosphere-asthenosphere boundary depth published by 128 
Priestley and McKenzie (2013). However, it is not clear whether a lithosphere defined by 129 
seismic properties can be converted to a lithosphere defined by mechanical properties through 130 
a scaling factor. Seismic properties could have a different dependence on temperature and 131 
composition than mechanical properties. One way to circumvent this issue is to use 132 
temperatures derived from seismic velocity perturbations as input to a power-law rheology, 133 
which eliminates the need to explicitly define lithospheric thickness (van der Wal et al., 134 
2013). In this approach, assumptions are made in converting seismic velocity anomalies into 135 
temperature and viscosity, and the lithosphere is defined implicitly by the effective viscosity. 136 
So although temperatures ultimately come from the same seismic source as the lithosphere-137 
asthenosphere boundary depths, no new assumptions are required other than those made for 138 
converting seismic velocities to viscosity.  139 
Previous studies investigating 3D Earth structure in GIA models of Antarctica have 140 
focussed on the effect of lateral variations in mantle viscosity (e.g. Kaufmann et al., 2005) or 141 
a combination of laterally varying lithospheric thickness and upper mantle viscosity (A et al., 142 
2013, van der Wal et al., 2015) on present-day uplift rates. Studies that isolate the effect of 143 
including lateral variations in lithospheric thickness in models of GIA exist for regions in the 144 
northern hemisphere (Kaufmann et al., 2000, Zhong et al., 2003, Latychev et al., 2005a, 145 
Whitehouse et al., 2006, Steffen et al., 2014) but currently no such study exists for 146 
Antarctica.  147 
The aim of this study is to isolate the effect of lateral variations in lithospheric thickness 148 
on GIA in West Antarctica to determine the effect on gradients of present-day uplift rates 149 
when compared with a 1D Earth model. We explore the two methods of defining a laterally 150 
varying lithospheric thickness mentioned above. The first method (experiment 1) uses a 151 
scaled seismically-inferred lithosphere-asthenosphere boundary (LAB) depth to determine 152 
spatial variability of an elastic lithosphere. For this method we employ two different models 153 
of seismically-derived LAB depth (experiment 1a and 1b). We present results that focus on 154 
the differences in gradients of present-day uplift rate between 1D and 3D models. The 155 
difference in the spatial gradient of uplift rate indicates how the amplitude and wavelength of 156 
deformation varies between the two models. Each 3D model includes lateral variations in 157 
lithospheric thickness derived from one of the two seismic models and the equivalent 1D 158 
model has a uniform lithospheric thickness that is simply the average of the lithospheric 159 
thickness in the 3D model. Using this method we seek to determine to what degree the 160 
differences between 1D and 3D models are independent of the details of: 1) the assumed 161 
deglacial history, and 2) the sub-lithospheric upper mantle viscosity. 162 
The second method (experiment 2) uses seismically-inferred temperature as input to a 163 
power-law relationship thereby assigning a viscosity structure to the lithosphere. In this 164 
method the lithospheric thickness is implicitly defined as the depth at which the resulting 165 
viscosity is small enough that significant deformation takes place during a glacial cycle. In 166 
order to determine the effect of including viscosity in the lithosphere through a power-law 167 
rheology on gradients of present-day uplift rate, we compare results using the power-law 168 
rheology to those from the first method which assumes the lithosphere is elastic. For both 169 
methods, we use a finite element model with 20 km thick layers, meaning the variable 170 
lithospheric thickness is captured in 20 km “steps” between element locations. Due to large 171 
uncertainties in both Earth structure and ice history we do not attempt to fit any observational 172 
data such as GPS-observed uplift.  173 
 174 
2. Methods and Data 175 
2.1 Model and Geometry 176 
We use a 3D flat-earth finite element model constructed with the ABAQUS software 177 
package (Hibbitt et al., 2016) to compute solid Earth deformation in response to a changing 178 
surface load. The validity of using this approach to model the Earth’s response to changes in 179 
ice sheet loading has been shown previously by Wu and Johnston (1998). This method has 180 
been used in many studies to model GIA in regions such as Fennoscandia (Kaufmann et al., 181 
2000, Steffen et al., 2006), Antarctica (Kaufmann et al., 2005), and Iceland (Auriac et al., 182 
2013), and has the advantage of computational efficiency over a spherical global model. The 183 
flat-earth finite element approach has been shown to be accurate when computing 184 
deformation within the ice margin for ice loads with comparable size to the Laurentide Ice 185 
Sheet (Wu and Johnston, 1998), which makes it applicable to the Antarctic Ice Sheet with its 186 
smaller lateral extent. 187 
The mesh consists of eight-node brick elements with reduced integration. The surface 188 
geometry of the mesh consists of a 3500 x 4500 km area of interest embedded in a larger 189 
model domain. The area of interest represents West Antarctica and has elements of 100 x 190 
100 km (elements are shown on Fig. 1). Outside this region, element size increases towards 191 
the periphery of the model, from 550 km in East Antarctica to approximately 5000 km at the 192 
edge of the model domain, for computational efficiency, and the domain has an overall width 193 
of 60,000 km. The extremely large model domain is required to ensure that boundary effects 194 
are negligible in the area of interest (Steffen et al., 2006). We do not model any ice loading 195 
changes outside Antarctica as the impact on uplift rates in Antarctica would be negligible 196 
(Whitehouse et al., 2012b) but we do include ocean loading. The model consists of 22 depth 197 
layers representing the Earth’s surface to the core-mantle-boundary (Table 1). A 30 km 198 
purely-elastic crustal layer (the same thickness used by Kaufmann et al. (2005)) is underlain 199 
by eleven 20 km-thick layers to 250 km depth to capture a higher resolution in the lithosphere 200 
and upper-most mantle. Below this, layers are thicker (i.e. lower resolution with depth) since 201 
surface deformation will be less sensitive to the details of mantle rheology below 250 km 202 
depth (Lau et al., 2016). The buoyancy force is accounted for by applying Winkler 203 
foundations to layer boundaries where a density contrast occurs (Wu, 2004). To ensure direct 204 
comparability between models the same mesh is used for all experiments. 205 
2.2 Earth Models and Data 206 
The compressible elastic material properties for each layer described above are listed in 207 
Table 1. The elastic and density structure of the Earth is derived from PREM (Dziewonski 208 
and Anderson, 1981). For each element below the upper-most elastic layer, creep parameters 209 
are assigned on an element-by-element basis. The geometry of the mesh means that the 210 
lithospheric thickness (experiment 1) or the viscosity (experiment 2) can vary in 20 km steps 211 
between adjacent element locations. Latychev et al. (2005a) demonstrated that differences in 212 
uplift rate over previously glaciated regions in the northern hemisphere peak at 2 mm/yr for a 213 
jump of 150 km between continental and oceanic lithospheric thickness, so we conclude that 214 
the effect of a 20 km jump on the uplift rate is likely to be small. Our approach to defining 215 
variable lithospheric thickness allows us to use the same mesh for all experiments thus 216 
ensuring results are directly comparable. The sub-lithospheric upper mantle (down to a depth 217 
of 670 km) is a linear viscoelastic layer with uniform viscosity and several different upper 218 
mantle viscosities are tested to determine dependence of the results on the underlying 219 
viscosity (see Table 2). Properties for the lower mantle are the same for all models (Table 1). 220 
The thickness of the lithosphere is defined differently in experiments 1 and 2, as detailed 221 
in Table 2. The first experiment considers an elastic lithosphere with spatial variability 222 
defined by two different models of seismically-derived lithosphere-asthenosphere boundary 223 
(LAB) depth (Priestley and McKenzie, 2013, An et al., 2015a), as described in the following 224 
sections. Seismically-derived LAB depths tend to be thicker than those inferred from GIA 225 
studies. For example, Steffen et al. (2014) compare GIA inferred lithospheric thicknesses in 226 
the Baltic Sea with three LAB depth models and find a consistently thinner lithosphere by 30-227 
80 km. We therefore uniformly reduce the LAB depths from the Priestley and McKenzie 228 
(2013) and An et al. (2015a) models so that the thicknesses are more representative of a GIA 229 
lithospheric thickness. We use two models to test if the resolution and accuracy of the 230 
seismically-derived LAB is important. The An et al. (2015a) model gives a greater level of 231 
detail, and hence more spatial variability in lithospheric thickness, than that of Priestley and 232 
McKenzie (2013) because it is an Antarctic-specific model derived using many additional 233 
seismic stations. For those elements representing the lithosphere, the viscosity is set to 234 
1×1049 Pa s to mimic elastic behaviour on glacial timescales, apart from the uppermost 30 km 235 
layer which is modelled as purely elastic. This approach of modelling an elastic lithosphere 236 
using a viscoelastic rheology with high viscosity (including combinations of purely elastic 237 
and viscoelastic rheology) is taken in many GIA studies (Peltier, 2004, Kaufmann et al., 238 
2005, Kendall et al., 2005, Whitehouse et al., 2012b, Ivins et al., 2013, Wolstencroft et al., 239 
2015) and for the timescales we are interested in the lithosphere is generally considered to be 240 
elastic at viscosities above 1×1024 – 1×1025 Pa s (Kaufmann et al., 2005, Steffen et al., 2006, 241 
Barnhoorn et al., 2011, Khan et al., 2016). Throughout the rest of this paper we simply refer 242 
to this type of modelled lithosphere as the “elastic lithosphere”. For each model in 243 
experiment 1, we compare the laterally varying model with an equivalent 1D model in which 244 
the lithospheric thickness is simply the average of the 3D lithospheric thickness.  245 
The second experiment uses a power-law rheology; this complementary approach allows 246 
us to investigate differences in the two methods used to define lithospheric thickness in GIA 247 
modelling. Mantle temperatures (An et al., 2015a) are used to determine diffusion and 248 
dislocation creep parameters following the methods described by Hirth and Kohlstedt (2003)   249 
and van der Wal et al. (2013, and 2015). The reader is referred to these papers for a detailed 250 
description of the method. We limit the power-law rheology to the same horizontal and 251 
vertical domain as defined by the An et al. (2015a) LAB depths for two reasons: 1) so that 252 
the results of experiment 2 can be directly compared with the results of experiment 1, and 2) 253 
so that the upper mantle viscosity remains laterally uniform and therefore the effect of a 254 
spatially variable lithospheric thickness is isolated from all other parameters.  255 
2.2.1 Priestley and McKenzie 2013 256 
Priestley and McKenzie (2013) published a model of global seismic velocities from 257 
surface wave tomography which they used to derive mantle temperatures and lithospheric 258 
thickness on a 2-degree grid with a resolution of 250 km horizontally and 50 km vertically. 259 
The lithospheric thickness is defined by the change in heat transfer from conduction to 260 
convection. We use this information in experiment 1a to define an elastic lithospheric 261 
thickness. The authors state that the uncertainty on the lithospheric thickness is 20-30 km, 262 
and therefore we reduce the LAB depths by 20 km to reflect the fact that a GIA-inferred 263 
elastic lithosphere is typically thinner than a lithosphere based on the change in heat transfer 264 
method (Martinec and Wolf, 2005, Priestley and McKenzie, 2013).  GIA inferred LAB 265 
thicknesses are less than the LAB depths in the Priestley and McKenzie (2013) model for 266 
regions such as Iceland (less than 50%, 15-40 km (Auriac et al., 2013) compared with ~95 267 
km) and Fennoscandia (around 50-70%, 93-110 km (Zhao et al., 2012) compared with 120-268 
200 km), and we use the uncertainty bound to reduce the LAB depths to 70-90% of the 269 
modelled values so that our results are conservative. Fig. 1(a) shows the adjusted lithospheric 270 
thicknesses mapped onto the ABAQUS layers (Table 1), i.e. at each location on the mesh the 271 
adjusted LAB depth is rounded to the nearest layer boundary. Fig. 1(b) shows where the 272 
lithosphere in the 3D model is thicker or thinner than the mean of the LAB depths (90 km, 273 
calculated over the region south of 60°S). West Antarctica has a thinner than average 274 
lithosphere whereas East Antarctica has a thicker than average lithosphere.  275 
2.2.2 An et al. 2015 276 
The second model used in this study is from An et al. (2015a), who infer temperatures 277 
below Antarctica from the 3D seismic velocity model AN1-S (An et al., 2015b), which has a 278 
horizontal resolution that increases from ~120 km in the crust to ~500 km at a depth of 279 
120 km, and a vertical resolution of ~25 km to 150 km depth followed by ~50 km to 250 km 280 
depth. We use this model in two ways. First, the seismically-derived LAB, which is defined 281 
by the depth where the adiabat crosses the 1330°C geotherm, is used to define lithospheric 282 
thickness for the elastic lithosphere in experiment 1b. The uncertainty on the temperature is 283 
reported to be ±150°C, equivalent to ±15-30 km for the LAB depth, so we reduce the LAB 284 
depth by 15 km to be representative of GIA-elastic thicknesses, as explained in Section 1, and 285 
to be consistent with the scaling of the Priestley and McKenzie (2013) model. Second, we use 286 
the temperatures directly as input to the power-law rheology in experiment 2. In this 287 
experiment we consider the 3D spatial domain that defines the lithosphere in experiment 1, 288 
but within this domain we use a power-law instead of elastic rheology. Results show the 289 
comparison of the two 3D models, thereby highlighting differences due to rheological 290 
definitions (see Table 2 for a summary of the models). In their model An et al. (2015a) do not 291 
infer temperatures for depths shallower than 55 km. Therefore, when using the temperatures 292 
in our model we specify a second elastic layer between 30 and 50 km depth to bridge the gap 293 
between our uppermost elastic layer and the temperature inputs. 294 
The LAB depths mapped onto the model elements is shown in Fig. 1(c), again with Fig. 295 
1(d) showing where the 3D model has thicker or thinner lithosphere than the 1D average 296 
(90 km, calculated over the Antarctic Plate which is the spatial limit of the inferred LAB 297 
depths in the An et al. (2015a) model). Similar to Priestley and McKenzie (2013), the 298 
lithosphere under East Antarctica is thicker than the 1D average for the An et al. (2015a) 299 
model. The location of the boundary between East and West Antarctica is similar in both 300 
seismic models, indicating that the uncertainty on the location of the boundary is small. Some 301 
isolated regions of anomalously thick lithosphere are also present in the Northern Antarctic 302 
Peninsula, which the authors attribute to a remnant subducted slab from the former 303 
subduction zone in this region.  304 
2.3 Ice Loading  305 
The deglacial history of Antarctica since the LGM is poorly known due to a lack of 306 
constraining data and consequently there remain large differences between recent deglacial 307 
models (Whitehouse et al., 2012a, Briggs and Tarasov, 2013, Gomez et al., 2013, Ivins et al., 308 
2013, Argus et al., 2014). Given this uncertainty, one of the aims of this study is to 309 
investigate whether differences between 1D and 3D models are independent of the assumed 310 
ice history. To test this we use several different deglacial models, or ice loading histories, that 311 
have quite different spatial patterns and magnitude of loading changes, which, when applied 312 
to a specific Earth model, give different patterns of deformation. We compare gradients of 313 
present-day uplift rates between 1D and 3D Earth models using the same ice history, 314 
revealing differences that may be directly attributed to the introduction of a varying 315 
lithospheric thickness, and then qualitatively compare the results from different ice models.  316 
Three ice loading scenarios are used in the modelling: W12 (Whitehouse et al., 2012a), 317 
ICE-5G  (Peltier, 2004), and its successor ICE-6G_C (Argus et al., 2014, Peltier et al., 2015). 318 
The W12 ice loading model was derived using a glaciologically-consistent numerical 319 
ice-sheet model that was tuned to provide the best possible fit to constraints of ice thickness 320 
change, whereas ICE-5G and ICE-6G_C have been tuned to fit ice-thickness change 321 
constraints and GPS-observed uplift rates without satisfying ice-sheet physics. Furthermore, 322 
in an attempt to fully isolate differences associated with the introduction of a laterally varying 323 
lithospheric thickness from those caused by spatial variations in ice loading, we also 324 
construct an idealistic, spatially-uniform loading history. In this scenario, the amount of ice 325 
thickness change since the LGM is spatially uniform over the grounded area of the present-326 
day ice sheet (as shown in Table 3 and Fig. 2) with a somewhat arbitrary 700 m of total ice 327 
loss for West Antarctica and 150 m ice-sheet growth for East Antarctica, applied over four 328 
time periods. These ice thickness changes approximate the mean ice loading changes in the 329 
W12 ice loading history (compare with fig. 7 of Whitehouse et al. (2012a)).  330 
2.4 Ocean Loading 331 
The model approach we have used in this study does not solve the sea-level equation 332 
(Farrell and Clark, 1976) and cannot compute variable sea level with time. We therefore take 333 
the approach of applying an ocean load that has been derived using a global, spherically 334 
symmetric GIA model (Mitrovica and Milne, 2003, Kendall et al., 2005, Mitrovica et al., 335 
2005). The GIA model uses a given ice loading history and Earth model to calculate changes 336 
in sea level (i.e. a change in surface loading due to a change in the depth of the ocean) with 337 
time. The ocean load was computed using the ice loading histories W12, ICE-5G and ICE-338 
6G_C in combination with a 3-layer Earth model and the output is a time- and space-variable 339 
load that can be applied to our laterally varying flat Earth model. We use an Earth structure 340 
that is representative of our 1D average models with a lithospheric thickness of 96 km, upper 341 
mantle viscosity of 5×1020 Pa s, and lower mantle viscosity of 1×1022 Pa s. We acknowledge 342 
the inconsistencies inherent in this approach in that the ocean load is computed using a 1D 343 
Earth model that may have different average upper mantle viscosity and lithospheric 344 
thickness values to some of the models used in this study. However, we consider the impact 345 
of this to be small as there is, at most, ±0.7 mm/yr difference to present-day uplift rates when 346 
not including ocean loading at all; nevertheless, we choose to include ocean loading with the 347 
intention of making the model as realistic as possible. We keep the ocean loading the same 348 
for each ice model so that any differences in results may be attributed to differences in Earth 349 
properties. For the spatially uniform ice loading history we do not include any ocean loading 350 
since it is an idealised loading history and would not produce a realistic sea-level change 351 
when modelled with a global GIA model.  352 
 353 
 354 
3. Results 355 
In order to determine the effect of introducing a varying lithospheric thickness in 356 
experiment 1 (elastic case) we examine differences between the 1D and 3D model output in 357 
terms of the spatial gradient of predicted present-day uplift rates. The spatial gradient is 358 
simply the derivative of the present-day uplift rate field and we take the scalar magnitude of 359 
the gradient (i.e. it is always positive) since the direction of the slope is not of interest. We 360 
calculate the spatial gradient over the 100 km resolution area of interest only. 361 
Differences in present-day uplift rates are relatively small (±3 mm/yr, Fig. 3c) and the 362 
sign of the difference does not yield useful information. For example, in the Siple Coast the 363 
3D model predicts greater uplift at the coast but also more subsidence in the interior of West 364 
Antarctica, in other words, the 1D model under-predicts the magnitude of the response 365 
compared with the 3D model (Figs 3a and b). Differencing the deformation rates (1D minus 366 
3D) shows both a positive and negative difference (Fig. 3c), masking the fact that the 3D 367 
model produces a higher peak-to-peak difference in uplift rate (i.e. higher peaks and lower 368 
troughs). Calculating the spatial gradient of uplift rate for the 1D and 3D models and 369 
differencing them indicates how the amplitude and wavelength of deformation varies 370 
between the two models (Fig. 3d).  A higher amplitude and shorter wavelength response 371 
would be expected from a thinner lithosphere compared with a thicker lithosphere 372 
(Wolstencroft et al., 2015). This can be observed in Fig. 4 from the profile of uplift rate and 373 
gradient of uplift rate across the Antarctic Peninsula, where the lithospheric thickness in the 374 
3D model is thinner than that of the 1D average. The uplift rate predicted by the 3D model 375 
(orange solid line in Fig. 4) has a higher amplitude and shorter wavelength (by one grid cell) 376 
than the 1D model (green solid line in Fig. 4). This means that the gradient of uplift in the 3D 377 
model will be steeper around the peak of the rebound, as indicated by the blue colour in the 378 
inset, but it tails off more quickly than in the 1D model resulting in the 1D gradient being 379 
steeper at the periphery (indicated by red in the inset). This gives a characteristic pattern of a 380 
white bulls eye (where the gradients are the same at the tip of the peak), surrounded by blue 381 
where the 3D gradient is higher (negative gradient difference), with red at the periphery (Fig. 382 
3d). 383 
In East Antarctica, where the 1D averaged lithospheric thickness is thinner than the 3D 384 
model, and the present-day uplift rate gradients are steeper in the 1D model output, the 385 
gradient difference is positive and shown as red, with the same characteristic white at the 386 
peak of the uplift/subsidence centres (Fig. 3d). Results for experiment 1 in Sections 3.1 to 3.3 387 
are shown in the same format as Fig. 3d – as differences in uplift rate gradient between 1D 388 
and 3D models for our high resolution region of interest. 389 
3.1 Effect of Ice Loading History  390 
Fig. 5 shows the difference in spatial gradient of the present-day uplift rate when 391 
comparing the 3D and 1D models for the four different ice loading histories used in this 392 
study. Results are shown for both models of lithospheric thickness used in experiment 1 – 393 
Priestley and McKenzie (2013) and An et al. (2015a); the bottom row in Fig. 5 shows the 394 
difference in uplift rate between these two models. The upper and lower mantle viscosities 395 
are kept the same for all models (5×1020 Pa s and 1×1022 Pa s, respectively). This plot can 396 
help us to understand what effect the ice loading history has on the results. 397 
Each ice loading history results in different localised spatial patterns of present-day uplift 398 
rate gradient reflecting the spatial variability of ice loading or unloading between the models. 399 
Differences in the present-day uplift rate gradients of the 3D and 1D models, whether 400 
negative or positive, are focussed around the margins of centres (or ‘peaks’) of uplift or 401 
subsidence. This is because the lithospheric thickness in the 3D model is thinner/thicker than 402 
the 1D average and hence produces higher/lower amplitude and steeper/shallower gradients 403 
than the 1D model. When comparing peaks of uplift rate gradient between the 1D and 3D 404 
model (for the same ice history) they have different amplitudes but the gradients at the crest 405 
of the peaks will often be the same or very similar, as explained previously, resulting in a 406 
small area of white at the centre of the region of uplift/subsidence (Fig. 5). For example, the 407 
ICE-6G_C ice model (Figs 5c, g) shows a prominent blue bull’s-eye located near the Siple 408 
Coast related to a large unloading event. The unloading results in steeper uplift gradients and 409 
a higher peak amplitude in the 3D case compared with the 1D case, but in the centre, i.e. at 410 
the peak itself, the gradient is the same (white on the figures). This effect can also be 411 
observed with the spatially uniform loading history (Figs 5d, h), where the periphery of the 412 
ice sheet shows the most sensitivity to variations in lithospheric thickness (i.e. largest 413 
differences in predicted present-day uplift rate gradients), and the interior shows little 414 
difference between the 1D averaged model and the 3D model. 415 
Despite the localised differences in spatial pattern, all combinations of ice loading history 416 
and LAB model tested here yield the same first-order result across most of West Antarctica – 417 
use of a 1D averaged lithospheric thickness results in lower magnitude gradients (lower 418 
amplitude and longer wavelength) of present-day uplift rate compared with the 3D case, and 419 
hence predominantly negative differences across West Antarctica in Fig. 5. Any positive 420 
(red) differences in West Antarctica result from the longer wavelength deformation predicted 421 
by the 1D model resulting in steeper gradients than the 3D model at the periphery of the 422 
rebound. This result is insensitive to the ice model used, although the actual spatial patterns 423 
shown in Fig. 5 do depend on the ice loading history since the biggest differences in gradients 424 
when comparing a uniform lithospheric thickness to a laterally varying lithospheric thickness 425 
mostly occur around the margins of loading/unloading centres. The ice loading histories used 426 
in this study neglect any changes in ice sheet thickness over the past few thousand years, such 427 
as those observed in the Antarctic Peninsula (Nield et al., 2012) and Siple Coast (Catania et 428 
al., 2012). Including these late Holocene changes would have the effect of changing the 429 
pattern of localised differences providing the underlying mantle viscosity was sufficiently 430 
low to respond on a timescale of ~2000 years or less.  431 
3.2 Effect of LAB Model 432 
The choice of LAB model used to define spatial variations in lithospheric thickness has 433 
the potential to influence the results. The An et al. (2015a) model has a higher resolution than 434 
the Priestley and McKenzie (2013) model and therefore contains more spatial variability in 435 
the LAB depths. The bottom row of Figs. 5 and 6 show the difference in uplift rate between 436 
the two LAB models, for the different ice loading models and upper mantle viscosities 437 
respectively. The impact of the LAB model in isolation can most clearly be observed in Fig. 438 
5l – the model that uses the uniform loading history – because there are no spatial variations 439 
in ice loading that can amplify signals. The differences in Fig. 5l directly reflect the 440 
differences between the two LAB models (Fig. 1), with the greatest effects being in the 441 
Northern Antarctic Peninsula, where An et al. (2015a) identify a region of anomalously thick 442 
lithosphere, and in Coats Land (Fig. 2) where the boundary between East and West 443 
Antarctica is defined differently for each model. The differences peak at ±3.5 mm/yr for this 444 
latter region when using the W12 ice loading history (Fig. 5i) because large loading changes 445 
across this region during the past 5 ka (Whitehouse et al. 2012a) amplify the signal. All other 446 
ice loading/mantle viscosity combinations result in differences of ±1.5 mm/yr or less. 447 
We can draw several conclusions from these observations. Firstly, the results are more 448 
dependent on the ice loading history used than the choice of LAB model. Secondly, we don’t 449 
gain significant extra information by using a higher resolution LAB model that resolves 450 
smaller-scale variations in lithospheric thickness, even if we increase the GIA model 451 
horizontal resolution to 50 km (Section 4.4). Finally, both seismically inferred LAB models 452 
show a clear East-West divide, with the East having thicker-than-1D-average lithosphere and 453 
the West having thinner-than-1D-average lithosphere, as indicated by the dashed-dotted lines 454 
in Figs 5 and 6. This demarcation coincides with regions where the amplitude of gradients of 455 
uplift rates for the 3D model are higher (in West Antarctica) or lower (in East Antarctica) 456 
than the 1D model and it is clearly the feature that has the most impact on gradients of uplift 457 
rates.  458 
3.3 Effect of Upper Mantle Viscosity 459 
Upper mantle viscosity exerts a strong control on mantle relaxation times and hence uplift 460 
rates. To test if our results are dependent on the underlying upper mantle viscosity we 461 
calculated the difference in present-day uplift rate gradients using four upper mantle 462 
viscosities, for both the LAB models in experiment 1, using just the W12 ice loading history 463 
(Fig. 6).  464 
Comparing the results we see similar patterns of gradient differences for the weaker upper 465 
mantle viscosities (5×1019 Pa s and 1×1020 Pa s, Figs 6a-b, e-f) and the stronger upper mantle 466 
viscosities (5×1020 and 1×1021, Figs 6c-d, g-h) although the two sets of patterns are different 467 
from each other. The two sets of patterns reflect sensitivity to different periods in the 468 
deglacial history of the W12 ice model (Whitehouse et al., 2012a). The models with stronger 469 
mantle viscosities and slower relaxation time (Figs 6c-d, g-h) are still rebounding in response 470 
to ice thinning in the western Ross Sea between 10 ka and 5 ka, whereas rebound in the lower 471 
viscosity models (Figs 6a-b, e-f) is dominated by the response to late Holocene ice thinning 472 
along the Siple Coast and Southern Antarctic Peninsula, as indicated by the blue areas on 473 
Figs 6a-b, and 6e-f.  474 
Fig. 6 demonstrates that the spatial variability in the gradient differences is dependent on 475 
both the ice loading history and the upper mantle viscosity. Localised differences aside, for 476 
all viscosities we observe the same result of higher amplitude and shorter wavelength 477 
deformation in West Antarctica for the 3D model (blue in the figures) supporting the 478 
hypothesis that the lithospheric thickness controls the wavelength of the signal captured in 479 
the modelling. 480 
3.4 Effect of Power-law Rheology in the Lithosphere 481 
Modelling the lithosphere using a power-law rheology means that there is the potential 482 
for it to deform viscously, depending on the input temperature used to derive creep 483 
parameters, and the stress from the ice loading. We compare results using power-law 484 
rheology (experiment 2) and input temperatures from An et al. (2015a) (Fig. 7) with results 485 
from the equivalent experiment 1b model that has a spatially variable elastic lithosphere (Fig. 486 
8); the two models have the same laterally varying lithospheric thickness but different 487 
rheology (see also Table 2). The upper mantle viscosity (5×1020 Pa s) and ice loading history 488 
(W12) are the same for both models. Modelling the lithosphere with a power-law rheology 489 
has the effect of reducing the local effective elastic thickness (c.f. Kuchar and Milne, 2015) 490 
so we expect the power-law lithosphere (experiment 2) to behave as if it were thinner than the 491 
elastic lithosphere (experiment 1). In Fig. 8a we plot the difference in uplift rate gradient as 492 
elastic minus power-law so that the colour scale can be compared with the earlier plots of 1D 493 
minus 3D. The effective viscosities for elements that lie in the lithosphere are also calculated, 494 
following the methods described in van der Wal et al. (2015), and shown in Fig. 7 along with 495 
the temperatures from the An et al. (2015a) model that were used to derive the creep 496 
parameters. 497 
 The patterns of gradient difference show in Fig. 8(a) are unlike the previous results. 498 
Around the Weddell Sea (Fig. 2) there is a dark blue region indicating higher amplitude 499 
deformation in the power-law model compared with the elastic model in experiment 1, which 500 
may be related to the relatively low viscosity in the lithosphere at 70-90 km depth (around 501 
1×1022 Pa s, see the red circle in Fig. 7d) compared with the elastic lithosphere case (1×1049 502 
Pa s). Since the viscosity is dependent on the stress induced from ice load changes, the low 503 
viscosity in this region may also be associated with late ice loading changes defined within 504 
the W12 model. In fact, viscosity in this region is up to an order of magnitude lower (1×1021 505 
Pa s) during the load changes between 15 ka and 5 ka. Along the Siple Coast the large (blue) 506 
difference observed in the previous plots of 1D vs 3D is no longer present. This may be 507 
related to the fact that in this region the seismic data indicate that there is a slab of relatively 508 
cold material at a depth of 50-70 km, resulting in a relatively high viscosity and therefore a 509 
very similar response to the case with the elastic lithosphere in experiment 1. 510 
The profiles of present-day uplift rate and uplift rate gradient shown in Fig. 8b 511 
demonstrate that in the experiment that uses power-law rheology the peaks have a higher 512 
amplitude and shorter wavelength than in the elastic lithosphere experiment. For the 513 
50-70 km depth layer the viscosity within the lower lithosphere under West Antarctica is 514 
around 1×1020-21 Pa s, meaning it will deform viscously on glacial timescales of tens of 515 
thousands of years. This means that when using a power-law rheology to model the 516 
lithosphere only the upper 50 km will behave elastically over the timescales of interest (c.f. 517 
Kuchar and Milne, 2015).  518 
4. Discussion 519 
4.1 Implications for Future GIA Models 520 
In this study we have shown that, irrespective of deglacial history and sub-lithospheric 521 
mantle viscosity, the use of a spatially variable elastic lithospheric thickness in a GIA model 522 
of Antarctica results in higher gradients of predicted present-day uplift rates (i.e. higher 523 
amplitude and shorter wavelength) in West Antarctica compared with a uniform elastic 524 
lithospheric thickness that is simply the average of the former. We have made this 525 
comparison, first of all, to isolate the effect of introducing variable lithospheric thickness 526 
from any other factors that perturb predictions of uplift rates, and second, because many 527 
global GIA models use a 1D Earth model derived from globally-averaged parameters. The 528 
mean lithospheric thickness over the GIA model domain of both models of seismically-529 
derived LAB depth used in experiment 1 is 90 km, similar to values used in studies of global 530 
GIA (80-90 km, Mitrovica and Forte (2004) and Peltier et al. (2015) respectively). Our 531 
results indicate that global 1D GIA models with a ~90 km lithospheric thickness would 532 
predict lower amplitude and longer wavelength uplift rates across West Antarctica than 533 
would be predicted with a more realistic, spatially variable lithosphere. This means that uplift 534 
rates, and hence geoid changes, would be smoothed out over a wider area potentially leading 535 
to an inaccurate GIA correction for GRACE data. A 1D model with a lithospheric thickness 536 
representative of the average of West Antarctica (70 km) produces a closer match to results 537 
from the 3D model than the 1D Antarctic average lithosphere (90 km), apart from in regions 538 
where the lithosphere is even thinner (e.g. Southern Antarctic Peninsula, 50 km, Fig. 1c). 539 
This suggests that modelling East and West Antarctica with a separate 1D Earth model is an 540 
important first step in improving GIA models of Antarctica. 541 
Furthermore, modelling the lithosphere with power-law rheology has the effect of 542 
reducing the thickness of the GIA lithosphere (i.e. the portion of the lithosphere acting 543 
elastically on GIA timescales) compared with the elastic case because the viscosity 544 
prescribed by the power-law rheology in the deeper parts of the lithosphere will be low 545 
enough to permit viscous behaviour over glacial timescales. By comparing results from 546 
experiment 1 and experiment 2 we have shown that using these two different definitions of 547 
the lithosphere leads to differences in gradients of present-day uplift rates despite input 548 
parameters (i.e. seismically-derived LAB depth and seismically-derived temperatures) 549 
ultimately coming from the same source. Using a power-law rheology provides a more 550 
consistent way of modelling GIA over multiple timescales because material properties 551 
determine the viscosity depending on timescale and this would, for example, allow relaxation 552 
of the lower lithosphere over multiple glacial cycles. 553 
It is therefore important to consider both how the lithosphere is defined and how 554 
thickness variations are accounted for in the next generation of 3D GIA models. As a 555 
minimum, East and West Antarctica should be considered separately in terms of Earth 556 
structure as both seismically-derived LAB models considered here show a clear East-West 557 
divide in lithospheric thickness. We have shown that a model with higher resolution spatial 558 
variability in lithospheric thickness makes little difference to our results, however, 559 
representing lithospheric thickness variations within West Antarctica will become more 560 
important as ice loading histories evolve to contain greater spatial detail and include changes 561 
in ice thickness over the past few thousand years. Including a laterally varying lithospheric 562 
thickness would provide an improvement over current 1D GIA models and should be 563 
considered to ensure more accurate predictions of uplift rate and ultimately a more accurate 564 
GIA correction for GRACE data. This is particularly pertinent for the dynamic region of 565 
West Antarctica that is currently experiencing a large amount of ice-mass loss (Rignot et al., 566 
2014). 567 
4.2 Implications for Interpretation of Observations of GIA 568 
Geodetic observations of bedrock deformation provide useful data with which to 569 
constrain models of GIA. Consideration of laterally varying Earth structure may result in a 570 
better fit between model predictions and observations in some areas. For example, 571 
Wolstencroft et al. (2015) could not fit the spatial pattern of GPS-observed uplift in the 572 
southern Antarctic Peninsula with a 1D Earth structure having tested several variations on 573 
recent ice loading history. It is possible that the strong spatial gradient in uplift revealed by 574 
differencing GPS rates recorded at sites on the east and west of the Antarctic Peninsula could 575 
be explained with the introduction of a thinner lithosphere in this region (e.g. 50-70 km, Fig. 576 
1), which would be able to capture shorter wavelength differences in uplift, as we have 577 
shown. However, before such a comparison is made, Late Holocene ice loading changes (e.g. 578 
Nield et al., 2012, Nield et al., 2016) must be incorporated into current deglacial models. 579 
Future observations of GIA should aim to be positioned in locations that would help to 580 
constrain 3D Earth structure. In particular, increasing the density of GPS networks across 581 
West Antarctica would provide additional constraints for determining lithospheric thickness 582 
because shorter wavelength solid Earth deformation could be observed. For example, Nield et 583 
al. (2014) were able to more tightly constrain lithospheric thickness in the northern Antarctic 584 
Peninsula by using observations from the dense LARISSA network.  Furthermore, 585 
measurements along the boundary between East and West Antarctica would provide useful 586 
information in delimiting this transition in Earth structure for the purposes of GIA models. 587 
Additional measurements of horizontal deformation could be instrumental in constraining 588 
lateral variations in Earth structure in this region.  589 
4.3 Implications for Ice-Sheet Models 590 
We have demonstrated that the areas most affected by the inclusion of a spatially variable 591 
lithospheric thickness lie around the margins of ice loading changes, including (for most 592 
combinations of ice history and Earth model tested) the Amundsen Sea sector and the Siple 593 
Coast (locations shown on Fig. 2). This has important implications for ice dynamics in 594 
marine-grounded areas that lie on a reverse slope bed, e.g. West Antarctica. Grounding line 595 
dynamics control ice sheet stability and evidence shows that a reverse slope bed can reduce 596 
ice sheet stability because, as the grounding line retreats into deeper water, ice flux across the 597 
grounding line will increase, potentially leading to net ice loss and hence further retreat (e.g. 598 
Schoof, 2007).  599 
Studies of Antarctic ice loss that make use of a coupled ice-sheet-sea-level model have 600 
shown that bedrock uplift has a stabilising effect on marine-grounded ice due to reducing the 601 
slope of a reverse bed, resulting in less ice loss from Antarctica (Gomez et al., 2010, Gomez 602 
et al., 2013). Including a spatially variable lithospheric thickness would increase the 603 
stabilising effect of bedrock uplift on the marine-grounded sector of the ice sheet in West 604 
Antarctica compared with a 1D averaged model because, as we have shown, the thinner 605 
lithosphere results in higher amplitude uplift in the interior, thereby reducing the slope of the 606 
reverse bed further. This has been demonstrated by Gomez et al. (2015) and Pollard et al. 607 
(2017) who show that a 1D Earth model with a 50 km lithospheric thickness and low mantle 608 
viscosity results in increased stabilisation over a 1D model with thicker lithosphere and 609 
higher mantle viscosity. Furthermore, Gomez et al. (2018) showed that a coupled ice-sheet-610 
sea-level model with a 3D Earth structure (laterally varying lithospheric thickness and upper 611 
mantle viscosity) results in significant regional differences in ice-sheet thickness when 612 
compared with results using a 1D Earth structure. In particular, their model predicts thicker 613 
ice and less retreat of the grounding line over the last deglaciation at the periphery of the 614 
Ross Sea region (Fig. 2) where the lithosphere is thinner, and upper mantle viscosity is lower, 615 
than their 1D average model. Including 3D Earth structure in GIA models and ice dynamic 616 
models is therefore necessary for determining the dynamics of past ice-sheet change and 617 
accurately assessing the current and future state of the West Antarctic Ice Sheet.  618 
4.4 Limitations 619 
Model resolution is an important consideration for any GIA model. Here, we restricted 620 
the spatial resolution to 100 x 100 km elements in the area of interest, purely for 621 
computational efficiency. We tested the effect of running a higher resolution model, 622 
increasing the mesh resolution to 50 km in the area of interest. Whilst the output is smoother, 623 
the 50 km resolution model did not reveal any additional features that are not captured by the 624 
100 km mesh and considering the extra computation time, we conclude that the coarser 625 
resolution is satisfactory for the experiments performed in this study. 626 
In the finite element model, material properties are considered compressible in the 627 
computation of deformation, but the effect this has on buoyancy forces is not considered. The 628 
model also neglects self-gravitation, i.e. changes in gravitational potential caused by 629 
deformation, which is a feature of most spherical models. However, Schotman et al. (2008) 630 
state that when using a flat-earth model the lack of sphericity partly cancels the lack of self-631 
gravitation. Furthermore, since we are looking at differences between models, any errors 632 
arising due to the neglect of such features will effectively be cancelled out. 633 
 634 
5. Conclusions 635 
We have presented the results of two experiments that seek to investigate the impact of 636 
including lateral variations in lithospheric thickness when modelling the solid Earth response 637 
to surface loading across West Antarctica. The first experiment used estimates for the depth 638 
of the lithosphere-asthenosphere boundary (LAB) derived from seismic studies to model the 639 
lithosphere as an elastic layer, an approach taken in many GIA studies. We have compared 640 
results from 3D models (varying lithospheric thickness) and equivalent 1D models (uniform 641 
lithospheric thickness is the average of the 3D model). For all combinations of ice history, 642 
LAB model and underlying upper mantle viscosity tested, we find that the use of a 1D 643 
averaged lithospheric thickness results in lower gradients (i.e. lower amplitude and longer 644 
wavelength) of uplift rate compared with use of a spatially variable (thinner in West 645 
Antarctica) lithospheric thickness. This means that the present-day uplift rate is smoothed 646 
over a wider area in the 1D model and the magnitude of peaks and troughs of deformation is 647 
smaller. This has important implications for ice sheet modelling studies as steeper spatial 648 
gradients of uplift may promote stability in marine-grounded regions of West Antarctica. 649 
The biggest difference in results between the two different seismically-derived LAB 650 
models used is in the Northern Antarctic Peninsula and at the boundary between East and 651 
West Antarctica, partly due to the An et al. (2015a) model having higher resolution and a 652 
greater level of detail. The most important feature of these LAB models is the delineation of 653 
where the lithosphere is thinner than average in West Antarctica, which is a stable feature 654 
across different seismic models, although the location of this boundary is important as it can 655 
affect uplift rates in this area. Within West Antarctica the localised patterns of differences in 656 
uplift rate gradient are sensitive to the choice of ice loading history, with largest differences 657 
focussed around centres of loading or unloading. The choice of underlying mantle viscosity 658 
also plays a role because the viscosity defines the relaxation time of the mantle, which in turn 659 
determines which regions will still be deforming in response to past ice-sheet change. 660 
Including a laterally variable lithospheric thickness within West Antarctica will become even 661 
more important once ice loading histories incorporate changes from the past few thousand 662 
years.  663 
The second experiment in this study investigated the difference between two methods of 664 
defining the lithosphere in GIA modelling. We compared the elastic lithosphere in 665 
experiment 1 with the use of power-law rheology in experiment 2, which defines viscosity 666 
based on material parameters and loading changes, and hence implicitly defines the 667 
lithosphere based on whether the viscosity is high enough to behave elastically over the 668 
timescale in question. Our results demonstrate that using a power-law rheology produces 669 
higher amplitude peaks of deformation than using a 3D elastic-only lithosphere because in 670 
the power-law case the thickness of the portion of the lithosphere that behaves elastically is 671 
reduced. Defining the lithosphere in this way could provide a more robust model of GIA 672 
since the thickness of the lithosphere is less rigidly defined than in the elastic (i.e. very high 673 
viscosity) case and relaxation in the lower lithosphere could be important when modelling 674 
several glacial cycles (Kaufmann et al., 2005).  675 
Future GIA models should seek to include a spatially varying lithospheric thickness, or at 676 
the very least to represent thinner/thicker lithosphere in West/East Antarctica; we find that 677 
inclusion of this transition has a first order effect on the predicted pattern of present-day 678 
deformation. Regional 1D GIA models should ensure the local lithospheric thickness is 679 
adequately represented rather than using an average of a wider Antarctic domain. 680 
Furthermore, including a spatially variable lithosphere could lead to a better fit to GPS-681 
observed uplift rates, especially in regions where a thinner lithosphere might be necessary to 682 
capture shore wavelength signals. This in turn could improve GIA models in West Antarctica 683 
where the uncertainty is large, although lateral variations in mantle viscosity and better 684 
constraints on ice history would also be required to provide an improved correction for 685 
GRACE data. 686 
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Tables 698 
Table 1: Model layers and Earth parameters  699 
Layer 
Top of 
Layer 
Radius 
(km) 
Top of 
Layer 
Depth 
(km) 
Layer 
Thickness 
(km) 
Density 
(kg/m3) 
Young's 
Modulus 
(GPa) 
Poisson's 
Ratio 
Rheology 
Lithosphere 6371 0 30 3196 173.9 0.28 Elastic 
Lithosphere 
or UM 
6341 30 20 3379 173.9 0.28 Elastic/Power-
law 
Lithosphere, or 
linear 
viscoelastic if 
UM 
6321 50 20 3377 173.9 0.28 
6301 70 20 3375 173.3 0.28 
6281 90 20 3373 172.7 0.28 
6261 110 20 3370 171.6 0.28 
6241 130 20 3368 170.6 0.28 
6221 150 20 3366 170.0 0.28 
6201 170 20 3364 169.3 0.28 
6181 190 20 3362 179.5 0.29 
6161 210 20 3436 194.6 0.29 
6141 230 20 3448 200.8 0.30 
6121 250 80 3478 212.6 0.30 
UM 6041 330 70 3525 224.4 0.30 Linear 
viscoelastic - 
variable 
5971 400 136 3812 277.2 0.29 
5835 536 134 3978 377.8 0.28 
LM 5701 670 251 4482 459.4 0.27 Linear 
viscoelastic 
1 × 1022 Pa s 
5450 921 250 4630 484.2 0.28 
5200 1171 430 4825 509.0 0.28 
4770 1601 430 5036 570.1 0.29 
4340 2031 430 5264 636.9 0.29 
3910 2461 430 5464 704.5 0.30 
 700 
 701 
 702 
 703 
  704 
Table 2: Summary of the experiments and inputs used 705 
Experiment 
Lithosphere 
Definition 
Data Used Ice Models  
Upper Mantle 
Viscosity (Pa s) 
Results 
1a Elastic 
Priestley and 
McKenzie (2013) LAB 
depths (adjusted) 
W12 (all viscosities); 
ICE-5G, ICE-6G_C, 
Uniform Loading 
(for 5×1020 Pa s) 
5×1020 (all ice 
models); 
5×1019, 1×1020, 
1×1021 (W12 only) 
Comparison 
between 1D and 
3D 
1b Elastic 
An et al. (2015a) LAB 
depths (adjusted) 
W12 (all viscosities); 
ICE-5G, ICE-6G_C, 
Uniform Loading 
(for 5×1020 Pa s) 
5×1020 (all ice 
models); 
5×1019, 1×1020, 
1×1021 (W12 only) 
Comparison 
between 1D and 
3D 
2 Power-law 
Domain defined by An 
et al. (2015a) LAB 
depths, An et al. 
(2015b) temperatures 
used as input to power-
law rheology. 
W12 5×1020 
Comparison 
between elastic 
3D (1b) and 
power-law 3D 
(same ice model 
and upper mantle 
viscosity) 
 706 
 707 
 708 
 709 
 710 
Table 3: Ice thickness change for the spatially uniform ice loading history for the West 711 
Antarctic Ice Sheet (WAIS) and the East Antarctic Ice Sheet (EAIS). 712 
Time Period (ka) 
Ice Thickness Change (m) 
WAIS EAIS 
20 - 15 -200 50 
15 - 10 -300 60 
10 - 5 -150 30 
5 - 0 -50 10 
Total: LGM to Present -700 150 
 713 
  714 
Figures 715 
 716 
Figure 1: Adjusted elastic lithospheric thickness derived from (a) Priestley and McKenzie 717 
(2013) and (c) An et al. (2015a) LAB depths. Each colour represents a separate 20 km thick 718 
model layer with the lithospheric thickness being the upper bound of the colour, e.g. orange 719 
denotes a LAB depth/lithospheric thickness of 90 km. (b) and (d) show where the 3D 720 
lithosphere is thinner or thicker than the 90 km 1D average. The regular mesh of 100 x 100 721 
km is bounded by locations (-3000 km, -2000 km) and (500 km, 2500 km), with an irregular 722 
mesh outside of this region. 723 
 724 
 725 
 726 
Figure 2: Regions of ice thickness change for the uniform loading history for West Antarctica 727 
(blue) and East Antarctica (green). Key locations mentioned in the text also labelled. 728 
 729 
 730 
Figure 3: Present-day uplift rates for the a) 1D and b) 3D models based on An et al. (2015a) 731 
LAB depths (experiment 1), using the W12 ice loading history and upper mantle viscosity 732 
5×1020 Pa s; c) difference in present-day uplift rates (1D minus 3D); d) difference in spatial 733 
gradient of uplift rate between 1D and 3D model (1D minus 3D) for the high resolution 734 
region of interest only - blue areas show where the 3D model predicts higher amplitude and 735 
shorter wavelength deformation compared with the 1D model.  736 
 737 
 738 
Figure 4: Uplift rate (left-hand axis) for the 1D (solid green) and 3D (solid orange) models 739 
along the profile shown in the inset. Also shown is the gradient of uplift rate (right hand axis) 740 
along the profile for the 1D (dashed green) and 3D (dashed orange) models, with shading 741 
according to the difference in gradient shown in the inset (1D minus 3D; same as Fig. 3d). 742 
Black dashed line indicates the difference in gradient shown in the inset plot.  743 
 744 
 745 
 746 
Figure 5: Difference in spatial gradient of uplift rate between 1D and 3D models (1D minus 747 
3D) for ice loading histories (from left to right) W12 (a, e), ICE-5G (b, f), ICE-6G_C (c, g) 748 
and the uniform loading history (d, h), and for the two different LAB models, Priestley and 749 
McKenzie (2013) (top row) and An et al. (2015a) (middle row). All models have an upper 750 
mantle viscosity of 5 × 1020 Pa s. The dashed-dotted black line delineates where the 3D 751 
lithosphere is thinner or thicker than in the 1D case, as shown in Figs 1(b) and 1(d). Panels 752 
(i)-(l) show the difference in uplift rate between the 3D LAB models (Priestley and 753 
McKenzie (2013) minus An et al. (2015a)).   754 
 755 
 756 
 757 
Figure 6: Difference in spatial gradient of uplift rate between 1D and 3D models (1D minus 758 
3D) for different values of upper mantle viscosity (from left to right), for the two different 759 
LAB models, Priestley and McKenzie (2013) (top row) and An et al. (2015a) (middle row), 760 
and using the W12 ice history. The dashed-dotted black line delineates where the 3D 761 
lithosphere is thinner or thicker than in the 1D case, as shown in Figs 1(b) and 1(d). Panels 762 
(i)-(l) show the difference in uplift rate between the 3D models for the two different LAB 763 
models (Priestley and McKenzie (2013) minus An et al. (2015a)).   764 
 765 
 766 
 767 
Figure 7: Top row: temperatures from the An et al. (2015b) model averaged over the finite 768 
element model layers. Bottom row: effective viscosity at the present-day for the same model 769 
layers as the top row, calculated following the methods detailed in van der Wal et al. (2015). 770 
Red circle in panel d) shows low viscosity lithosphere mentioned in the text. Elements below 771 
the spatially variable lithospheric thickness from An et al. (2015a) are greyed out (c.f. Fig. 772 
1c). 773 
 774 
 775 
 776 
 777 
Figure 8: a) Difference in spatial gradient between the 3D elastic-only case (experiment 1b) 778 
and the 3D power-law case (experiment 2) (elastic-only case minus power-law case), for the 779 
W12 ice loading history with upper mantle viscosity of 5×1020 Pa s. b) Profile of uplift rate 780 
for the elastic (green solid) and power-law (orange solid) cases and the gradient of each 781 
(dashed lines, right hand axis) along the profile shown in (a).  782 
 783 
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